In this paper, a novel method for voiced / unvoiced decision in speech and music signals is presented. Voiced unvoiced decision is required for many applications, including better modeling for analysis/synthesis, detection of model changes for segmentation purposes and better signal characterization for indexing and recognition applications. The proposed method is based on the Generalized Likelihood Ratio Test (GLRT) and assumes colored Gaussian noise with unknown covariance. Under voiced hypothesis, a harmonic plus noise model is assumed. The derived method is combined with a Maximum A-posteriori Probability (MAP) scheme to obtain a voiced unvoiced tracking algorithm. The performance of the proposed method is tested under the Keele University database for different signal-to-noise ratios (SNRs), and the results show that the algorithm performs well even under severe noise conditions.
INTRODUCTION
Growing demand for advanced speech and audio applications requires new processing methods that are both 0exible and robust to acoustical, environmental and system errors. As the demand for variable-rate speech coding applications increases, the role of voicing detection / decision is crucial for efficient bandwidth reduction. In speech, a decision is made between voiced and unvoiced speech phonemes. Correct voicing detection also allows for signal segmentation, reconstruction and denoising.
ods of sound modeling. In Due to the periodic nature of speech and most musical instruments, it is possible to closely represent the voiced signal of a speaking person, singing voice or musical instrument by a collection of sinusoidal oscillators, The harmonic model assumes all sinusoidal components are harmonically related, i.e. the frequencies of the sinusoids are at integer multiples of the fundamental frequency. This approach reduces the number of parameters in the model and achieve more accurate estimates of signal of interest parameters than the sinusoidal model.
In this paper, the voicing decision problem is addressed using a Generalized Likelihood Ratio Test (GLRT). Assnming Markovian dynamics, Maximum A-posteriori Probability (MAP) tracking of a time-varying locally harmonic signal is performed. Voicing is considered as an additional state in the global likelihood function. The voiced loglikelihood, evaluated for estimated pitch, is compared to the unvoiced log-likelihood in every frame. The described GLRT is shown to be the relation between the projection of the signal upon the harmonic subspace and its projection upon the orthogonal, non-harmonic subspace.
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PROBLEM FORMULATION
Let y be a finite audio frame with L samples at tl, 1 = 1 , 2 , ' . . , L. The harmonic model for the measurements of a given voiced frame is presented in 171 and can be written as 
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In this work, we assume the noise covariance matrix, R., is unknown. However, with no loss of generality it can he assumed that some prior knowledge on the variance of the noise component is available, i.e., R. = Q + &I, where 0 is an unknown non-negative definite matrix, while U:
is known. This is not a limiting assumption, since in cases when U: is unknown, the results can be obtained by looking at the limit U: + 0.
Therefore, the problem is to decide between the following two hypotheses:
The first hypothesis, H I , corresponds to the case of voiced speech. The signal is considered as harmonic with additive noise. Hypothesis Ho corresponds to the case of unvoiced speech or silence, in which the signal contains background noise only. Under this hypothesis, the signal is modeled as a colored, zero-mean Gaussian noise with unknown covariance matrix.
GLRT FOR VOICED 1 UNVOICED DECISION
The GLRT for decision between the two hypotheses, stated above, is:
We now proceed to develop the likelihood functions for both hypotheses and present the resulting GLRT. 
The rank of Ke is 1 and therefore all of its eigenvalues are zero except the f i s t one, X i . It can be shown that the eigenvalues of the matrix Ks are given by XI,^,. . , ,0):
Assuming XI > U:, the log-likelihood function is
According to (6), TgTf = I -a & , and thus,
Maximization of -log X i is achieved when (afyl' is maximal. Returning to the original model parameters a 9 = (WO, b), it follows:
Maximization of (11) with respect to b is given by the maximum generalized eigenvalue of (G,H), where G = 
AHyyHA
MULTIPLE FRAME TRACKING
A forward / backward Viterhi-like tracking algorithm is applied to the multi-framed signal. The MAP estimator for the fundamental frequency (pitch) was presented in [7] , and is based on measurements collected over several frames. In this method, a grid of possible states for the fundamental frequency, WO is determined, and the likelihood function is calculated for each frame. The tracking algorithm estimates and tracks the fundamental frequency using the likelihood function at each frame and the transition probability matrix, introducing the prior statistical knowledge on the fundamental frequency dynamics.
A similar tracking algorithm for MAP-based voicing decision is implemented with an additional unvoiced state.
Therefore, the log-likelihood under hypothesis HO is calculated in addition to LI(wo). The transition probability matrix is also extended to include transition to and from the unvoiced state between adjacent frames. This algorithm simultaneously tracks the pitch and decides between the two hypotheses.
Tracking is performed on the input matrix comprised of the log-likelihood functions, [L, Lofqo], where qo = log(q)
is the actual threshold value used for the test.
EXPERIMENTAL RESULTS
In this section, we evaluate the results of the proposed GLRT decision method. The tests were performed using the Keele University pitch database, developed for the purpose of comparing pitch extraction algorithms [9] . The database consists of two types of signal: an acoustic signal digitized at a sampling rate of 20 KHz and a laryngograph of the acoustic signal. Five female and five male speakers were recorded reading the same passage of English text. The recordings were performed in low ambient noise conditions using a sound-proof room. The database includes reference files containing voiced f unvoiced segmentation and a pitch estimate for 25.6 msec segments overlapping every 10 msec. The reference files also mark uncertain pitch and voicing decision.
The proposed decision method was tested in varying noise conditions. White Gaussian noise was added to the signals at SNR's of 0 dB to 25 dB. Calculation of the error decision probabilities is comprised of unvoiced frames detected as voiced frames, P,(Ho), and voiced frames detected as unvoiced frames, P,(Hl). The total error decision probability for 60 sec data of a single speaker as a function of SNR can be seen in Fig. 1 . The average voicing decision error appears in Table 1 
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Using the Bartlett identity, it can be shown that yHR;'y = 
Decision Between Hypotheses
For deriving the GLRT, the two loglikelihood functions are subtracted
In terms of the harmonic projection matrix PA(&) and its complement, P i ( & ) = I-PA(LJO), the GLRT is expressed a as:
Finally the test can he rewritten as
H .
The GLRT for voicing decision proposes to measure the ratio between the energies in the harmonic part of the signal and the non-harmonic part. If the energy of the harmonic part of the signal is large compared to the non-harmonic part, then voicing is decided.
In [3], a comparison of several different pitch detection
and voicing detection methods was tested against the Keele pitch database. Fig. 3 presents the UV-V / V-UV error results (P,(H,) versus P,(Ho)) for the methods compared in this study. No additive noise was added to the signal. Comparison between the performance of the proposed GLRT decision method (Fig. 2) and the methods presented in [Q]
( Fig. 3 ) shows that the proposed method provides better voicing decision performance. For example, at SNR = 10 dB, the GLRT obtains P,(H,) = P,(Ho) = 0.1, better than the methods presented in Fig. 3 (noise free tests) . 
CONCLUSIONS
The problem of voiced / unvoiced decision was addressed in this paper. A novel method based on the GLRT wm derived where the voiced hypothesis was modeled by a harmonic signal and an additive Gaussian noise with unknown covariance, The unvoiced data model was a zero-mem, Gaussian vector with unknown covariance matrix. A MAP-based tracking algorithm was implemented. The results show better performance comparing to other existing methods for voice / unvoiced decision algorithms. The proposed decision method is robust to high noise level, and performs well even at low SNR's. 
